We formed strained artificial superlattices of BaTiO 3 /LaNiO 3 ͑BTO/LNO͒ and ͑Ba 0.48 Sr 0.52 ͒TiO 3 /LaNiO 3 ͑BST/LNO͒ on LaNiO 3 -coated SrTiO 3 ͑001͒ substrates by dual-gun radio-frequency magnetron sputtering. The ͑00L͒ crystal truncation rod intensity profiles confirm the formation of a superlattice structure. The BTO ͑or BST͒ sublayer in the artificial superlattice is under biaxial compressive stress whereas the LNO sublayer is under biaxial tensile stress. Both BTO/LNO and BST/LNO superlattices of total thickness ϳ60 nm exhibit some degree of strain relaxation, even though the modulation length is less than the critical value to generate misfit dislocations. These BTO/LNO and BST/LNO artificial superlattices show a dielectric constant significantly enhanced relative to BTO and BST single layers of the same effective thickness. From a macroscopic point of view, the strain in the superlattice structure contributes significantly to the dielectric enhancement. Ferroelectric thin films of perovskite structure have attracted much attention because of their remarkable ferroelectric and electrooptical properties and large dielectric constant.
Ferroelectric thin films of perovskite structure have attracted much attention because of their remarkable ferroelectric and electrooptical properties and large dielectric constant. [1] [2] [3] Some of these characteristics lead to applications of ferroelectric thin films for dynamic random-access memory and electrically tunable microwave devices. 4, 5 A ferroelectric thin film inevitably experiences a strain caused by a mechanical constraint from a substrate due to disparate lattice parameters; this strain has a profound effect on electric properties of ferroelectric thin films. 6, 7 For a thick film, the strain manipulation from the substrate is limited; controlling the stresses during heteroepitaxy has hence become an important challenge in thinfilm technology. A superlattice structure provides a promising approach to strain manipulation of thin films. 8, 9 In such a structure, the stress becomes introduced artificially at the interfaces because of the lattice mismatch of heteroepitaxy. 10, 11 We have fabricated BaTiO 3 /LaNiO 3 ͑BTO/LNO͒ and ͑Ba 0.48 Sr 0.52 ͒TiO 3 /LaNiO 3 ͑BST/LNO͒ superlattice films on LaNiO 3 -coated SrTiO 3 ͑001͒ substrates. LNO that is a metallic oxide with a perovskite structure has proved suitable as an electrode to improve the fatigue and aging properties of electric devices made as ferroelectric thin films. 12, 13 LNO can serve also as an effective buffer layer for the growth of epitaxial ferroelectric superlattices. [14] [15] [16] In these two superlattice systems, the dielectric properties of the superlattice film result mainly from the portion of dielectric layers, i.e., BTO and BST, because of the conductive property of the LNO material. The type of insulating/conductive superlattice material can therefore be used to investigate the strain dependence of dielectric properties of BTO and BST layers in superlattice structures.
Experimental
BaTiO 3 /LaNiO 3 and ͑Ba 0.48 Sr 0.52 ͒TiO 3 /LaNiO 3 superlattice films were grown epitaxially on LaNiO 3 -coated ͑thickness 180 nm͒ SrTiO 3 ͑001͒ single-crystal ͑STO͒ substrates. The design thickness of sublayer varied in a range 3-6 nm, and the total thickness of the superlattices was fixed at about 60 nm. A schematic diagram of the designed superlattice structure appears in Fig. 1 . An equal thickness of BTO ͑or BST͒ and LNO sublayers was adopted.
Deposition was performed using a radio-frequency ͑rf͒ magnetron sputtering dual-gun system with computer-controlled shutters.
The sputtering system was evacuated to ϳ4 ϫ 10 −5 Pa with a turbomolecular pump before argon and oxygen gases were bled into the chamber. During deposition, the substrate temperature was kept at 500°C and the gas pressure of deposition was fixed at 4 Pa with an Ar/O 2 ratio 4:1.
X-ray diffraction ͑XRD͒ measurements were conducted with a standard Huber four-circle X-ray diffractometer operated at 50 kV and 200 mA and with Cu K␣ radiation. The superlattice structure was characterized also on measuring the ͑020͒ crystal truncation rod ͑CTR͒ intensity with a synchrotron X-ray source. The synchrotron X-ray experiments were performed at wiggler beamline BL-17B1 at the National Synchrotron Radiation Research Center ͑NSRRC͒, Hsinchu, Taiwan. The electron storage ring was operated at energy 1.5 GeV and current 140-200 mA. The incident X-rays were focused vertically with a mirror and monochromatized to energy 8 keV with a Si͑111͒ double-crystal monochromator. The sagital bend of the second crystal focused X-rays in the horizontal direction. With slits in two pairs between sample and detector, the wave vector resolution in the vertical scattering plane was typically set to ϳ0.005 nm −1 in this experiment. The composition depth profile was also examined with secondary-ion mass spectrometry ͑SIMS͒ with an oxygen ion source. To measure electrical properties, we sputtered Pt top electrodes onto the surface of superlattice films at room temperature. The dielectric properties of the superlattices were measured ͑HP 4192ALF impendence analyzer, frequency 10 kHz͒ at room temperature.
Results and Discussion
The composition modulation in the superlattice was examined with a SIMS depth profile. The result is shown in Fig. 2 , in which the variation of signals of Ba, Ti, La, and Ni is consistent with the design period, five cycles, and one BTO capping layer with sublayer thickness 6 nm.
The epitaxial nature of the BTO, BST, and LNO sublayers in superlattices is demonstrated by the in-plane orientation ͑102͒ with respect to the major axes of the STO substrate. The azimuthal diffraction patterns of the ͑BTO 3 nm /LNO 3 nm ͒ and ͑BST 6 nm /LNO 6 nm ͒ superlattice films in the vicinity of the zerothorder peak are shown in Fig. 3a For BTO/LNO and BST/LNO superlattices, the lattice mismatch is estimated to be, respectively, ϳ3 and ϳ3.3% ͑bulk lattice parameters: a BTO = 0.4006 nm, a BST = 0.4018 nm, a LNO = 0.3887 nm͒. In these two superlattice systems, the BTO and BST sublayers are in a biaxial compressive state, whereas the LNO sublayer is in a biaxial tensile state. These heteroepitaxial sublayers are hence characterized by either being strongly strained or containing many misfit dislocations with modulation length larger than the critical value. The critical thickness for the misfit dislocations is roughly estimated according to a model proposed by Matthews and Blakeslee. 17 We calculated the critical thickness of the BTO/LNO and BST/LNO superlattices: for BTO/LNO, ϳ18 nm, but for BST/LNO, ϳ15 nm. The designed modulation lengths of prepared superlattices ͑6, 9, and 12 nm͒ are all within the theoretically estimated ones. Figure 4 shows ͑00L͒ CTR intensity profiles of superlattices with modulation length ranging from 6 to 12 nm. For simplicity, values of H, K, and L given in this paper are expressed in reciprocal lattice units ͑r. l. u.͒ referred to the STO lattice parameter ͑0.3905 nm near 295 K͒. A characteristic typical of a superlattice structure, i.e., the appearance of satellite peaks beside zeroth-order peak, is confirmed from the ͑002͒ CTR spectra. 18 The sharp feature at L = 2 denotes the ͑002͒ Bragg reflection from the STO substrate. The position of the zeroth-order peak in ͑002͒ CTR spectra can be determined by the average c-axis length of the superlattice. 10 The L-index of the zeroth-order peak of the BTO/LNO ͑or BST/LNO͒ superlattice with modulation length less than 12 nm is smaller than the weighted mean value from unstrained BTO and LNO films, i.e., L = 1.968 ͑or L = 1.966 for unstrained BST and LNO films͒. The mean lattice parameter c of the BTO/LNO ͑or BST/LNO͒ superlattices is larger than the weighted mean of the lattice parameter c of unstrained BTO ͑or BST͒ and LNO films, indicating an elongation of the average c-axis lattice of the superlattice along ͓00L͔ through heteroepitaxial strain in the superlattice structure, i.e., enhancing the tetragonality of BTO ͑or BST͒ sublayers in the superlattice structure. Moreover, the position of the zeroth-order peak of both BTO/LNO and BST/LNO superlattices shifts slightly to increasing L-index with increasing modulation length. We measured the in-plane rocking curves, de- 
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Journal of The Electrochemical Society, 152 ͑9͒ F129-F132 ͑2005͒ F130 picted in Fig. 5 , for BTO/LNO superlattices having distinct modulation lengths at the angular position of ͑020͒ reflections to evaluate the in-plane lattice parameter. 10 In Fig. 5 , two Bragg peaks from BTO and LNO sublayers in the superlattice converge to one for a modulation length less than 12 nm, revealing that the two constituent compounds have the same in-plane lattice spacing with a modulation length less than the critical value. The location of the convergent Bragg peak shifts slightly to an increased K index value with decreasing modulation length; this tendency might indicate that the superlattice experiences a larger in-plane strain with a smaller modulation length. Figure 6 shows the measured mean out-of-plane ͑c-axis͒ and in-plane ͑a-axis͒ lattice parameters of superlattices with varied modulation length. The in-plane lattice parameter of BTO is determined directly from the in-plane ͑020͒ reflection 10 and that of BST from ͑102͒ diffraction patterns according to an equation, 19 a = 1/͑d 102 −2 − d 002 −2 ͒ 1/2 , in which d 102 and d 002 are spacings for planes ͑102͒ and ͑002͒, respectively. The mean c-axis parameter of the superlattice increases slightly with decreasing modulation length whereas the a-axis parameter decreases. Under conditions of biaxial strain, which apply for epitaxy on ͑00L͒, the nonvanishing strain component is defined as xx = ͑a film// − a bulk ͒a bulk , in which a film// is the lattice parameter of the strained layer along the x direction and a bulk is that of the freestanding atomic plane spacing of bulk BTO ͑or BST͒. The evaluated strain of BTO and BST layers in the superlattice is shown in Fig. 7 . An in-plane lattice parameter 0.3887 nm is necessary for pseudomorphic growth of BTO/LNO and BST/LNO superlattices on a LNO electrode. The critical thickness of a superlattice depends on elastic properties of the constituent sublayer, 20 but there is still a critical thickness for a superlattice having a modulation length with thickness not exceeding its critical value. 21 The mismatch between the least strained BTO-LNO bilayer and the LNO electrode is 1.5%, and that of the least strained BST-LNO bilayer on the LNO electrode is 1.62%. 10 The superlattices of both BTO/LNO and BST/LNO with total thickness ϳ60 nm exceed the critical value to generate misfit dislocations from a prediction of Matthews' law. 17 According to Fig. 5 , the ͑020͒ Bragg peak of the BTO/LNO superlattice fails to coincide with that of the LNO electrode, giving the evidence that pseudomorphic growth of BTO and LNO sublayers is not progressed in the superlattice structure. The BST/LNO superlattice experiences a larger strain relaxation than the BTO/LNO superlattice having the same modulation length below the critical value, from the viewpoint of the strain energy of plastic deformation. 22 As depicted in Fig. 7 , a BTO/LNO superlattice shows a degree of strain relaxation larger than that of a BTO/LNO superlattice of the same modulation length, in accordance with the above prediction. A smaller modulation length also results clearly in a larger in-plane compressive strain of the BTO ͑or BST͒ sublayers in the superlattice. Figure 8 depicts the dielectric constant and value of tan␦ of BTO/LNO and BST/LNO superlattices with varied modulation length measured at 10 kHz. The low-frequency dielectric property is closely related to ionic motion in the crystal, i.e., a soft phonon mode, which comes from displacement of Ti and O ions in oxygen octahedral in opposite directions. If there is a strain ͑or a lattice distortion͒ that causes softening of the optical phonon, the dielectric constant is expected to increase greatly. 23 Pertsev et al. 24 reported with a phenomenological theory that an epitaxial BaTiO 3 thin film constrained by a substrate can have an enhanced dielectric permittivity. Experimental work of Park et al. also showed that a large dielectric constant was obtainable at a degree of strain modified on inserting a thin interlayer. 25 As exhibited in Fig. 8 , the strained BTO and BST layers of the superlattices show significant dielectric enhancement relative to single BTO and BST layer films 30 nm thick ͑for BTO f = 97, for BST f = 130͒. Notably, as illustrated in Fig.  7 , the BTO and BST sublayers in the superlattices experience a larger compressive strain ͑or a larger lattice distortion͒ that greatly elongates their unit cells along the electric field in the parallel-plate capacitor structure, compared to single BTO and BST epi layers of the same effective thickness that have in-plane strain of only −0.3 and −0.21%, respectively. This result clearly reveals that an effective strain manipulation of BTO ͑or BST͒ sublayers in a superlattice structure by alternating insertion of LNO sublayers can greatly enhance the dielectric constant of the BTO ͑or BST͒ sublayers. This result is supported by reports of Hyun and Char 26 and James and Xi 27 that in a parallel capacitor structure the dielectric constant of ferroelectric thin films increases under an increased in-plane compressive stress. Decreasing the modulation length of BTO/LNO and BST/LNO superlattices results in an increased in-plane compressive strain in the BTO and BST sublayers, i.e., further enhancing the tetragonality of BTO and BST unit cells; this effect resulted in the dielectric constant of both BTO/LNO and BST/LNO superlattices increasing with decreasing modulation length, as illustrated in Fig.  8 . This tendency is reported for other superlattice systems 28, 29 in which the relationship between dielectric constant and modulation length is explained by a pressure effect at the interface that reflects a larger lattice mismatch between heterolayers. 30 Larger values of tan␦ are obtained in these two superlattice systems because conductive LNO sublayers were inserted into the superlattice structure.
Conclusions
We fabricated epitaxial BTO/LNO and BST/LNO superlattices on LNO-coated SrTiO 3 ͑001͒ substrates by rf magnetron sputtering. The ͑00L͒ Bragg reflections of X-rays confirm formation of the BTO/LNO and BST/LNO superlattice structure. The mean c-axis parameter of BTO/LNO ͑or BST/LNO͒ is larger than the weighted mean of unstrained BTO ͑or BST͒ and LNO films, revealing an elongation of the c-axis lattice of the superlattice. The c-axis lattice parameter of BTO/LNO and BST/LNO superlattices increases with decreasing modulation length, whereas the a-axis lattice parameter of both BTO/LNO and BST/LNO decreases. The BTO/LNO and BST/LNO superlattices with total thickness ϳ60 nm exhibit some degree of strain relaxation, even though the modulation lengths are less than the critical value for the generation of misfit dislocations.
Relative to the BTO and BST single layer with the same effective thickness, i.e., 30 nm, the dielectric properties of BTO/LNO and BST/LNO superlattices show a significant enhancement. These results indicate that strain plays a significant macroscopic role in influencing the dielectric properties in BTO/LNO and BST/LNO artificial superlattices.
